Head positioning accuracy of the hard disk drive should be improved to meet today's increasing performance demands. Vibration suppression of the arm in the hard disk drive is very important to enhance the servo bandwidth of the head positioning system. In this study, smart structure technology is introduced into the hard disk drive to suppress the vibration of the head actuator. It has been expected that the smart structure technology will contribute to the development of small and light-weight mechatronics devices with the required performance. First, modeling of the system is conducted with finite element method and modal analysis. Next, the actuator location and the control system are simultaneously optimized using genetic algorithm. Vibration control effect with the proposed vibration control mechanisms has been evaluated by some simulations.
Introduction
In advanced mechanical systems such as magnetic and optical disk devices, structural vibration has to be suppressed to achieve the required control performance. It is required for developing next generation hard disk drive (HDD) to suppress the head actuator vibration under 40kHz in order to achieve 2 Tb/in 2 of the areal density. It has been expected that technology of smart structures will contribute to the development of small and light mechatronics devices with the required performance. So far, research on the smart structures has been carried out using electro-rheological fluids, shape memory alloys and piezoelectric materials. The piezoelectric materials are generally installed on the structural surface as actuator and sensor to control the static and dynamic responses (1) - (3) . To date, distributed parameter systems such as cantilever-type structures have been mainly taken as the controlled object (4)- (7) . In HDD applications of piezoelectric actuator and sensor, a track-seeking control using a piezoelectric actuator for dual-stage actuator was investigated (8) and a piezoelectric bimorph shunt damping was applied to reduce disk-spindle vibration (9) . The high-frequency vibration control of the head actuator was investigated by using PZT actuators (10) . Further enhancement of vibration control performance and robust stability is necessary to achieve the required density of future HDD systems. The control performance and robust stability of the smart structure highly depend on the location of the actuator corresponding to the control input position. Appropriate actuator location should be designed to enhance the vibration control performance. In this study, the technology of the smart structure is introduced into HDD to achieve the required vibration suppression. The smart structure has a function of sensor and actuator itself in order to control the structural vibration. First, the finite element and modal analyses of a head actuator in HDD are conducted to confirm the vibration modes and frequency response of the system. The vibration characteristics and problem of the system are made clear through the structural analysis. Second, two actuator mechanisms are considered in vibration control mechanism: namely, one is a direct PZT actuator and another is a proof-mass actuator. In the direct PZT actuator, the tabular PZT actuators are directly attached on the structural surface and apply the control forces to the structure. In the proof-mass actuator, a minute mass connected to the top of the layered PZT whose back side is connected to the structural surface vibrates due to the vibration input to the PZT and causes the inertia force as control input. The controller design and closed-loop simulation are conducted to evaluate the vibration control performance of the system. Finally, a multidisciplinary design optimization on the actuator location and control system is studied to enhance the closed-loop performance of the system. The design problem to improve the 2 H or ∞ H performance is defined, and the actuator location and control system are simultaneously designed by the presented 2-step procedure using genetic algorithm (GA), resulting in an enhanced performance on the vibration control and robust stability. It has been verified by some simulations that an enhanced performance on the vibration suppression and robust stability can be achieved by the proposed vibration control mechanisms and multidisciplinary design optimization approach.
Modeling of controlled object
The FEM model of the head actuator in HDD as a controlled object is shown in Fig.1 which has 10,362 nodal points. The material properties of each part in Fig.1 are shown in Table 1 . In this study, modeling of smart structure is carried out with the finite element and modal analyses by which the modeling of arbitrary shape structures and the control system design can be effectively executed. Equation of motion of the n degree-of-freedom system is described as
where M s and K s are the mass and stiffness matrices, respectively, and C s is the assumed proportional viscous damping matrix. x ,w and u are the displacement, disturbance and control input vectors, respectively. The finite element analysis (FEA) is conducted by ANSYS. The degree-of-freedom of Eq.(1) becomes generally too large because of using FEA that the control system should not be designed directly to this spatial model. The coordinate transformation into the modal space is appropriate to conduct the model reduction for control system design. The modal matrix Φ is defined by
where r is the number of the adopted mode. Adopting the lower natural modes, Eq. 
where can be determined by the relation between the control input u and the force caused by the piezoelectric actuator (11)(12) . 
In this study, acceleration on the structural surface of the head actuator is detected by the accelerometer as feedback signal. The accelerometer is suitable to be installed in the smart structures since the external reference is not required for this sensor. Substituting the modal transformation x=Φξ into Eq. 
The frequency response of the head displacement due to the voice coil input is shown in Fig.2 . In Fig.2 , the input is the disturbance caused by the VCM actuator and the output is head displacement as shown in Fig.3 . The resonance peaks existing in the frequency range 6-30kHz may easily cause a vibration instability problem in the closed-loop system with respect to the head following control when enhancing the control performance. As a result, these resonance peaks limit the following accuracy of the head following control and achievable density of HDD. The natural modes corresponding to these resonance peaks in this frequency range are shown in Fig.4 .
The ideal property of the head actuator is a double integrator property as a rigid body without any resonance peaks in the frequency range 6-30kHz. The resonance peaks with the natural modes in Fig.4 have to be removed or suppressed completely to achieve the ideal property of the head actuator and required density of HDD. Active vibration control strategy is employed to suppress the resonance peaks for realizing the ideal property of the head actuator, in this study. The smart structure technology is introduced into HDD to control the head actuator vibration for enhancing the following control performance to a disk track. Piezoelectric elements are employed as actuator in the smart structure. A MEMS accelerometer is also supposed to be installed on the structural surface to detect the Figure 5 shows the vibration control mechanism. Two actuator mechanisms are considered in this study: namely, one is the direct PZT actuator and another is the proof-mass actuator. In the direct PZT actuator, the tabular PZT actuators are directly attached on the structural surface and apply the control forces to the structure. In the proof-mass actuator, a minute mass connected to the top of the layered PZT whose back side is connected to the structural surface vibrates due to the vibration input to the PZT and causes the inertia force as control input. The property of the actuator is taken into account in the model described by Eqs. (1) and (2) . In case of the proof-mass actuator, the actuator is modeled as a single degree-offreedom system which has 1.0×10 -4 kg of mass and 1.42×10 7 N/m of spring constant, and the actuator model is connected to the model of the objective structure in FEA.
Vibration control mechanism and system

Vibration control mechanism
Vibration control system
The block diagram of the control system is shown in Fig.6 . 
where T y1w is the transfer function matrix between the disturbance w and the controlled variable y 1 . The controlled variable is described as
where z 1 is the controlled response, 
where i w is weight coefficient for i-th mode. ξ can be obtained by Eq.(4). Weighting each modal coordinate with each coefficient easily achieves the modal shaping which can mainly suppress the target modes vibration. The frequency-weighted acceleration is definitely appropriate as controlled response to reduce high frequency vibration response. Frequency weight functions are generally used for the frequency shaping, however, the order of the controller in this case is increased according to the orders of the frequency weight functions. The vibration control with the frequency-weighted acceleration described in Eqs. (8) and (9) as controlled response does not increase the order of the controller and so is practically advantageous for developing the actual systems. The output feedback u = K(s)y is described as the state-equation form: The vibration control performance highly depends on the actuator location and designed ,η η g are the objective and constraint functions depending on both actuator location and control design variables such as the closed-loop norms described in the control problem (6) .
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A simultaneous optimization problem to reduce the ∞ H norm with respect to the controlled response under the constraint on the ∞ H norm with respect to the control input is appropriate to achieve the enhanced control performance and can be defined by giving the objective and constraint function in the optimization problem (11) as
The optimization problem (11) is solved by GA (10) (12) in this study.
In the above discussion, it is necessary to design output feedback controllers in each step of GA. But, calculating the output feedback law in all steps of the optimization makes the algorithm complicated, resulting in low calculation efficiency for the optimization. In this study, the output feedback system is designed after executing the simultaneous optimization in which a state feedback is assumed to be available, with the following two-step procedure:
(step 1) Assume the state feedback, u=-Fq, and perform the simultaneous optimization of the piezoelectric actuator location and control system. (step 2) Reconstruct the output feedback system with the dynamic compensator K(s) based on LMI approach. According to the above procedure, the complexity of the algorithm and the calculation efficiency are significantly improved.
Design variables
The control design variable is the weight coefficient q w multiplied to the controlled response in the performance index for controller design. The strategy for the optimization of the actuator location is that the nodal point at which the actuator is placed is employed as the design variable. In case of the proof-mass actuator, the design variable takes a discrete value corresponding to a nodal point number at which the actuator is placed. On the other hand, the design variable for the direct PZT actuator takes two discrete values corresponding to both end nodal point numbers as shown in Fig.7 . Figure 8 shows the attachable region for the proof-mass and direct PZT actuators. The design variables should be coded in GA to obtain an optimal solution. In case of the direct PZT actuator, the design variables are described by the binary code with m bits: 
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Vol. 3, No. 6, 2009 912 variables maximizing the fitness function defined as J − are searched by GA composed of three basic operations: selection, crossover and mutation. The genetic operation in this approach is based on simple GA, and the appropriate condition of GA operation is set: namely, 1) the selection is based on the roulette selection strategy, 2) one-point crossover is adopted as the crossover strategy, 3) the mutation strategy is performed by inversion of a gene that is stochastically selected, and 4) the elitist preserving strategy is adopted to leave the large fitness individuals to the next generation. 
Simulation results
Optimization of single proof-mass actuator and control system
First, a single proof-mass actuator is installed on the head actuator to reduce the vibration response in the frequency range 6-20kHz. The target modes for the vibration suppression are the three natural modes shown in Fig.4 (a), (b) and (c). The optimization of the proof-mass actuator location and control system is conducted to achieve an effective vibration repression. The optimization problem is defined as The optimal actuator location in this case is shown in Fig.9 . The actuator location is close to the maximum deformation point of the principal 18th mode shown in Fig.4 (a) . As a result, effective vibration control force can be applied to the head actuator by this proof-mass actuator.
The controller is designed by giving the weight coefficient in Eq. (7) The closed-loop frequency response of the head displacement for the VCM disturbance is shown in Fig.10 . In Fig.10 , the broken line is the response of the open-loop system and the solid line the response of the closed-loop system. It is observed from this result that the high frequency vibration response is completely suppressed by this control system and the ideal vibration property of the head actuator is realized. The robust stability against structural uncertainty is very important to develop actual min.:
subj.:
products. The robust stability of the closed-loop system is evaluated by giving the structural characteristic variation. The structural characteristic variation is set by giving % 10 ± variation in the Young's modulus and mass density of the E-block in Fig.1 . The changes of the target three natural frequencies due to this variation are shown in Table 2 . It is confirmed from the robust stability evaluation that the closed-loop system for the controller designed with the nominal model is stable against the Young's modulus variation but becomes unstable against the mass density variation. The robust stability should be improved for the actual use of the vibration control system. 
Optimization of multiple actuators location and control system
Next, the optimization of two actuators location, namely one proof-mass actuator and one direct PZT actuator, and control system is conducted to enhance the vibration control performance and robust stability. In this case, two actuators and an accelerometer are installed on the structure as two inputs and one output system. The optimization problem (14) is conducted with the design variables of the proof-mass actuator location, i, the direct PZT actuator location, j and k, and the controller parameter, q w . The obtained optimal design variables and resulting performance indices are Figure 11 shows the optimal actuators location. The optimal location of the proof-mass actuator is very close to the previous one.
The vibration controller is designed with the obtained optimal system. The location of the accelerometer to detect the feedback signal is same with the previous case as shown in Fig.11 . Frequency-weighted ∞ H controller is designed to achieve effective vibration suppression. The frequency-weighted acceleration of Eq. (9) is set as controlled response by giving the modal weight coefficients: 
The closed-loop frequency response of the head displacement for the VCM disturbance is shown in Fig.13 . It is observed from Fig.13 that the excellent vibration suppression is realized by this control system as well as the single actuator case. The robust stability of the closed-loop system is evaluated by giving the structural characteristic variation as well as the previous single actuator case. Figures 16 and 17 show the closed-loop frequency responses with respect to the % 10 ± variation in the Young's modulus and mass density of the E-block, respectively. The vibration control performance is a bit degraded, but the closed-loop stability is maintained against both variations in the Young's modulus and mass density in the multi-actuator case.
When a single actuator is used, the closed-loop system becomes easily unstable due to the above structural characteristic variations. The robust stability has been improved by using multiple actuators. The reason why the multi-input system improves the robust stability is that the maximum response level of the control input is effectively reduced by using multiple actuators. Another reason for enhancing the robust stability is that the frequency response of the control input for the disturbance is relatively smooth with respect to frequency axis as shown in Fig. 14, resulting in a small change of the frequency response on the control input against the structural characteristic variation.
Finally, the structural characteristic variation is given by adding the 4th elastic mode that is not included in the model for control system design. Figure 18 shows the frequency response in which the closed-loop response around the 4th elastic mode is increased by the control, but the closed-loop system is also stable after adding the mode. The degradation of the frequency response due to the additional elastic mode can be improved by using a low-pass filter to decrease the additional mode response or by taking this mode into account in the model for designing control system. It is verified from these results that the optimization of the multiple actuators location and control system is significantly effective to realize an ideal vibration characteristics and robust stability of the system. 
Conclusions
Two vibration control mechanisms with the proof-mass actuator and direct PZT actuator are proposed to reduce the vibration response of the head actuator installed in HDD system. The vibration control effects with the proposed vibration control mechanisms have been evaluated by simulation in this study. It can be expected that the proposed mechanisms practically realize a significant vibration suppression of the system. Furthermore, the enhanced vibration control performance has been achieved by the multidisciplinary design optimization of the actuator location and control system. It is also made clear that the system with multiple actuators effectively improves the closed-loop performance and robust stability. In future, the micro-actuator for vibration control will be developed and implemented in the HDD system. The vibration control performance and robust stability against structural characteristic uncertainty will be evaluated by experiment and compared to the simulation results.
